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summary. In the recent years, the benefits of mesoporous silica materials, in particular tunable pore size, 
higher surface area and pore volume, which provides higher loading of drugs. In addition, the incorporation 
into the pores as well as eventual binding between drug and functional groups of functionalized mesoporo-
us carriers, made mesoporous systems very attractive for controlled drug delivery. The review reports the 
research work in this area discussing different mesoporous materials such as MCM-41, SBA-15 and hollow 
mesoporous spheres (HMS). Different approaches intended for modification of mesoporous systems, such 
as functionalisation with organics and polymer coating, are also discussed.
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Introduction
Over the past three decades, an intensive develop-

ment of new drug delivery systems (NDDS) has been 
observed. Both natural and synthetic materials have 
been tested and proposed as components of NDDS 
and many efforts have been made to synthesise ma-
terials with biological, technological, and mechanical 
properties for application in drug delivery [1]. Many 
types of materials including inorganic silica, carbon 
materials and layered double hydroxides [2] as well 
as polymers [3] have been employed as substrates for 
controlled drug delivery systems. Controlled drug 
delivery systems can maintain the concentration of 
drugs in the precise sites of the body within the op-
timum range and under the toxicity threshold, which 
improves the therapeutic efficacy and reduces toxic-
ity. Further, non-toxicity and biocompatibility are the 
fundamental requirements for the materials used for 
controlled drug delivery. 

The ordered mesoporous silica materials were 
discovered by the scientists in Mobil Research and 
Development Corporation in 1992 [4]. Since their 
discovery, synthesis and applications of mesoporous 
silica materials have received intensive attention due 
to their characteristics. These materials found very 
rapidly application in adsorption, separation, ca-
talysis [5], enzyme immobilisation and drug deliv-
ery. The methodology of preparation was based on 

the condensation of silica precursors in presence of 
structure-directing agents under hydrothermal and 
basic conditions. The new developed sol–gel tech-
nology offers the possibilities for incorporating bio-
logically active agents within silica gel and for con-
trolling their release kinetics from the gel matrix [6].

Since the investigations of Vallet-Regi et al. 
showed the potential of MCM-41 as a new drug de-
livery system [2], a lot of researchers have worked 
in this area, using different types of mesoporous ma-
terials with varying porous structure [7, 8]. Due to 
stable mesoporous structure and the other benefits 
mesoporous materials seem ideal for encapsulation 
of drugs, proteins and other biogenic molecules [9-
11]. It has been shown that both small and large mo-
lecular drugs can be entrapped within the mesopores 
by an impregnation process and liberated via a diffu-
sion-controlled mechanism. Mesoporous silica parti-
cles have been proposed as a drug delivery system 
on the basis of of their biocompatibility, non cyto-
toxic properties [12-16], high surface area, high pore 
volume, controllable particle size, difference in mor-
phology [17] and pore diameter [18-23]. Drug deliv-
ery systems based on mesoporous silica can achieve 
precisely spatial and temporal delivery of therapeutic 
agents to the target site applying additional surface 
modification [24].
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Preparation of mesoporous silica nanoparticles 
In general, four ingredients are necessary to form 

a mesoporous silica material: a surfactant, a silica 
source, an acid- or base catalyst and a solvent like 
ethanol or water. Based on this generalized recipe, 
many different synthesis procedures have been de-
veloped and were extensively reviewed in the recent 
years. For cationic surfactants, the formation mecha-
nism of mesoporous silica is strongly influenced by 
ionic interactions between anionic oligosilicates and 
the cationic headgroup of the template (e. g. CTAB), 
and no initial liquid crystalline phase is necessary for 
the synthesis. In a first step, Coulomb forces lead to 
an assembly of silicate polyanions at the positively 
charged headgroups of the cationic surfactants. As a 
result, the charge density changes dramatically at this 
interface, which leads to the formation of micelles in 
a structure depending on the applied reaction condi-
tions. The final mesostructure is formed by crosslink-
ing and polymerization of the silicate species. The 
product is a result of the optimized interfacial energy 
of the organic surfactant and the inorganic silica. In 
contrast to this cooperative self-assembly process, 
another formation mechanism called “true” liquid 
crystal templating is known. In the latter case, the liq-
uid-crystalline phase is already present at the applied 
reaction conditions. The inorganic precursor is added 
and polymerized thereafter. A schematic overview 
showing the two possible general formation mecha-
nisms is presented in Figure 1. A subsequent removal 
of the template can be achieved either by calcination at 
high temperatures or by extraction procedures. A typi-
cal extraction procedure uses ethanolic ammonium 
nitrate solutions. The exchange of template with am-
monium is highly efficient due to the high similarity 
of surfactant head group and extraction reagent. Other 
extraction methods apply supercritical CO2, plasma or  
microwave irradiation.

The formation of mesoporous materials such as 
the MCM-41 familiy is driven by a cooperative self-
assembly of organic surfactants and inorganic spe-
cies. As structure-directing surfactants, micelles of 
quaternary ammonium salts (hexadecyltrimethylam-
monium bromide) that form liquid crystalline mi-
celles are used. Silica precursors like tetraethyl ortho-
silicate can be hydrolyzed under hydrothermal condi-
tions in basic media, resulting in silica materials with 
high internal surface area and highly ordered pore 
structures with unique pore diameters, surrounded by 
amorphous pore walls. The obtained materials were 
classified based on the geometrical arrangement of 
the cylindrical pores. The MCM-41 material exhibits 
a 2D hexagonal arrangement of pores, while MCM-
48 has a 3D cubic pore system. Li et al presented 
synthesis of MCM-41 (using C16TAB) and MCM-41 
(using C12TAB) based on the delayed neutralization 
process [25, 26]. In this procedure, a distilled water 
was stirred with C16TAB (or C12TAB). This mixture 
was then heated and stirred vigorously until a clear 
solution was formed. Then the pH value of above 
solution was adjusted to about pH=10 and sodium 
silicate was added at continuous stirring. The final 
gel was sealed in a Teflon-lined stainless steel auto-
clave. Then it was heated at 373 K for 3 days under 
static condition. The precipitate obtained was filtered 
and washed extensively to pH = 7. The synthesized 
sample was air-dried at room temperature overnight, 
then calcined to remove the original template in air at  
823 K for 5 h.

Other strategies to create mesoporous silica struc-
tures use neutral surfactants. In these materials, non-
ionic interactions between the organic template and 
the inorganic silica precursor are responsible for the 
formation of the porous materials. For the prepara-
tion of hollow mesoporous silica materials (HMS) 
primary amines are used as template. The advantage 
of the neutral surfactants used in HMS materials is 
the easy recovery of the template. 

Another very prominent type of mesoporous 
silica materials, in particular the SBA materials 
(Santa Barbara materials), was presented by Stucky 
et al. in1998 [27]. Triblock copolymers of the Plu-
ronic family were used as template. The structure 
of the template consists of poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) units 
with variable chain lengths of PEO and PPO. The 
synthesis environment for the SBA materials is 
strongly acidic [28, 29]. A main feature of the ob-
tained mesoporous materials is the improved hy-
drothermal stability, due to the formation of thicker 

The formation of mesoporous materials such as the MCM-41 familiy is driven by a
cooperative self-assembly of organic surfactants and inorganic species. As structure-directing 
surfactants, micelles of quaternary ammonium salts (hexadecyltrimethylammonium bromide) 
that form liquid crystalline micelles are used. Silica precursors like tetraethyl orthosilicate can 
be hydrolyzed under hydrothermal conditions in basic media, resulting in silica materials with
high internal surface area and highly ordered pore structures with unique pore diameters, 
surrounded by amorphous pore walls. The obtained materials were classified based on the
geometrical arrangement of the cylindrical pores. The MCM-41 material exhibits a 2D
hexagonal arrangement of pores, while MCM-48 has a 3D cubic pore system. Li et al 
presented synthesis of MCM-41 (using C16TAB) and MCM-41 (using C12TAB) based on the 
delayed neutralization process [25, 26]. In this procedure, a distilled water was stirred with  
C16TAB (or C12TAB). This mixture was then heated and stirred vigorously until a clear 
solution was formed. Then the pH value of above solution was adjusted to about pH=10 and 
sodium silicate was added at continuous stirring. The final gel was sealed in a Teflon-lined 
stainless steel autoclave. Then it was heated at 373 K for 3 days under static condition. The
precipitate obtained was filtered and washed extensively to pH = 7. The synthesized sample 
was air-dried at room temperature overnight, then calcined to remove the original template in 
air at 823 K for 5 h.
Other strategies to create mesoporous silica structures use neutral surfactants. In these
materials, non-ionic interactions between the organic template and the inorganic silica 
precursor are responsible for the formation of the porous materials. For the preparation of 
hollow mesoporous silica materials (HMS) primary amines are used as template. The 
advantage of the neutral surfactants used in HMS materials is the easy recovery of the 
template. 
Another very prominent type of mesoporous silica materials, in particular the SBA materials 
(Santa Barbara materials), was presented by Stucky et al. in1998 [27]. Triblock copolymers of 
the Pluronic family were used as template. The structure of the template consists of 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) units with variable chain 
lengths of PEO and PPO. The synthesis environment for the SBA materials is strongly acidic
[28, 29]. A main feature of the obtained mesoporous materials is the improved hydrothermal 
stability, due to the formation of thicker pore walls compared to MCM-materials. The 

Fig. 1. Preparation of mesoporous silica nanoparticles
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pore walls compared to MCM-materials. The ob-
tainable pore diameters are from 6 to 18 nm and 
the pore walls contain additional microporosity 
(with about 1 nm diameter), due to the embedding 
of poly(ethylene oxide) side chains in the structure. 
Zhao et al. reported SBA-15 silica synthesis using 
triblock copolymer P123 [30]. P123 was dissolved 
in 2 M HCl solution by stirring and TEOS was add-
ed to the solution. The resulting mixture was stirred 
for 5 min and then kept at 308 K for 20 h without 
stirring. It was followed by aging for 2 days at 373 
K under static condition. Then the solid products 
were filtrated and washed repeatedly with deionized 
water. After drying at room temperature overnight, 
the product was calcined to remove the organic tem-
plate in air at 823 K for 5 h.

Functionalization of mesoporous  
silica nanoparticles

The appropriate chemical modification of the sur-
face of the mesoporous matrix is essential because 
a mesoporous silica surface covered with silanol 
groups is not selective enough to adsorb drug mol-
ecules with different functionalities [31-35]. Surface 
modification could enhance the loading degree of 
drug molecules, and it could also modify their release 
[36-42].

In order to use the silica nanoparticles for sus-
tained drug delivery, the unreacted silanol groups 
can further be functionalized by different organic 
groups (figure 2) [43-45]. This creates favorable 
surface–drug interactions, which in turn result in 
improved loading degree and possibilities for sus-
tained drug release. Lin and co-workers have shown 
that the organic functionalization of mesoporous 
materials can also influence their biocompatibility 
[46-48]. In addition to surface functional groups, 
the morphology and size of the mesoporous materi-
als also have an important influence on drug release 
characteristics [17].

There are different approaches to achieve such 
functionalization. First is post-synthetic grafting of 
the surface with silanes or direct co-condensation 
of the organic functionality during the synthesis 
[49-51]. In most cases post synthesis grapthing by 
organosylanes can be achieved in a one step proce-
dure [52-54]. Postsynthetic grafting is achieved by 
attaching organotrialkoxysilanes to the pore walls of 
presynthesized template-free mesoporous silica. Co-
condensation includes copolymerization of an orga-
nosilane with the silica precursor in the presence of 
the templating surfactant.

More recently, metalorganic reagents like Grig-
nard – or organolithium compounds were introduced 
as alternative route to achieve organic functionality 
on mesoporous silica, resulting in direct Si-C bond 
formation. The metalorganic functionalization route 
is based on the substitution at silicon atoms with 
metalorganic compounds, resulting in the formation 
of direct Si-C bonds. 

Functionalization at defined sites within 
mesoporous material could be performed by differ-
ent methods (figure 3, 4) [55]. One of the methods 
providing controlled functionalization of defined site 
was reported by Chen et al. [56] The control was 
achieved by a partial cleavage of P123 surfactant 
in the mesopores of SBA-15, leaving the micropo-
res unextracted. Subsequent functionalization with 
trimethylchlorosilane and further template removal 
allowed the deposition of metals selectively in the 
micropore volume of SBA-15. A selective function-
alization of the outer surface was achieved by the 
addition of (3-mercaptopropyl)trimethoxysilane to 
radially growing mesoporous silica microspheres. 
The obtained material showed a hydrophilic/hydro-
phobic core/shell structure, characterized by the re-
ductive deposition of aqueous platinum precursors to 
the inner core of the silica sphere. By adding only a 
fractional amount of grafting agent compared to the 
present silanols, a preferential functionalization on 
the outer surface takes place. 

Other research groups showed an outer surface 
functionalization by leaving the template unextracted 
during functionalizations steps, thus hindering the 
access to the interior pore surface. However, the re-
sults from different groups have shown that chloro- 
and trialkoxysilanes can efficiently replace surfactant 
molecules and can even produce completely ex-
tracted materials. Kecht et al. [57] present site-selec-
tive functionalization of mesoporous nanoparticles 
achieved with a sequential cocondensation approach. 
Using this strategy, functional groups were complete-
ly dispersed inside the channels, concentrated in parts 
of the mesopores, or exclusively placed on the exter-
nal surface of colloidal mesoporous silica nanoparti-

obtainable pore diameters are from 6 to 18 nm and the pore walls contain additional 
microporosity (with about 1 nm diameter), due to the embedding of poly(ethylene oxide) side 
chains in the structure. Zhao et al. reported SBA-15 silica synthesis using triblock copolymer 
P123 [30]. P123 was dissolved in 2 M HCl solution by stirring and TEOS was added to the 
solution. The resulting mixture was stirred for 5 min and then kept at 308 K for 20 h without 
stirring. It was followed by aging for 2 days at 373 K under static condition. Then the solid 
products were filtrated and washed repeatedly with deionized water. After drying at room 
temperature overnight, the product was calcined to remove the organic template in air at 823 
K for 5 h.

Functionalization of mesoporous silica nanoparticles
The appropriate chemical modification of the surface of the mesoporous matrix is essential 
because a mesoporous silica surface covered with silanol groups is not selective enough to 
adsorb drug molecules with different functionalities [31-35]. Surface modification could
enhance the loading degree of drug molecules, and it could also modify their release [36-42].
In order to use the silica nanoparticles for sustained drug delivery, the unreacted silanol 
groups can further be functionalized by different organic groups (figure 2) [43-45]. This 
creates favorable surface–drug interactions, which in turn result in improved loading degree 
and possibilities for sustained drug release. Lin and co-workers have shown that the organic 
functionalization of mesoporous materials can also influence their biocompatibility [46-48]. 
In addition to surface functional groups, the morphology and size of the mesoporous materials 
also have an important influence on drug release characteristics [17].  
There are different approaches to achieve such functionalization. First is post-synthetic 
grafting of the surface with silanes or direct co-condensation of the organic functionality 
during the synthesis [49-51]. In most cases post synthesis grapthing by organosylanes can be 
achieved in a one step procedure [52-54]. Postsynthetic grafting is achieved by attaching 
organotrialkoxysilanes to the pore walls of presynthesized template-free mesoporous silica. 
Co-condensation includes copolymerization of an organosilane with the silica precursor in the 
presence of the templating surfactant. 
More recently, metalorganic reagents like Grignard – or organolithium compounds were 
introduced as alternative route to achieve organic functionality on mesoporous silica, resulting 
in direct Si-C bond formation. The metalorganic functionalization route is based on the 
substitution at silicon atoms with metalorganic compounds, resulting in the formation of 
direct Si-C bonds. 

Site-selective functionalization

Functionalization at defined sites within mesoporous material could be performed by different 
methods (figure 3, 4) [55]. One of the methods providing controlled functionalization of 

Fig. 2. Functionalization of mesoporous silica
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cles depending on the time of addition of the desired  
functionality. This method overcomes some of the 
disadvantages of selective functionalization by graft-
ing approaches, that is, partial diffusion of reactant 
species inside the channels and the lack of control 
over the amount of incorporated organic moieties. 

Mesoporous silica systems for sustained release 
of various drugs

The main aim of controllable drug-delivery sys-
tems is to provide appropriate duration of the drug 
effect, do deliver the drug at desired site and to avoid 
the side effects and toxicity [58].

McM-41 based mesoporous materials
The first investigation using MCM-41 for drug 

delivery system was reported by Vallet-Regi and her 
colleagues [2]. In the preliminary work, two kinds of 
MCM-41 with different pore sizes were tested. The 
anti-inflammatory drug ibuprofen was used as mod-
el drug molecule. The drug release profiles showed 
a different behaviour depending on the method for 
charging the drug in the material. Manzano et al. 
[59] showed another ibuprofen loaded MCM-41 
drug delivery system. Mesoporous silica particles 

were functionalized by 3-aminopropyltriethoxysi-
lane. In order to test the effect of carrier morphology 
on drug delivery rate, MCM-41 was prepared in the 
form of powder consisting of irregularly shaped (and 
sized) particles and monodispersed spheres (490 to 
770 nm in diameter). Amine-functionalized MCM-
41 microspheres showed a significantly slower drug 
release rate than irregularly shaped powders, which 
should facilitate drug delivery control over a longer 
time period. Szegedi et al. [60] also reported MCM-
41 system loaded with ibuprofen. MCM-41 were 
synthesized and modified by post-synthesis method 
with different amounts of 3-aminopropyltriethoxysi-
lane (APTES). Amino modification resulted in high 
degree of ibuprofen loading and slow release rate in 
comparison to the parent non- modified MCM-41.

Tang et al. [55] reported dimethyl silyl (DMS) 
modified mesoporous silicas successfully prepared 
via co-condensation and post-grafting modification 
methods. The post-grafting modification was carried 
out by the reaction of the as-synthesized MCM-41 
material with diethoxy dimethylsinale. The study 
demonstrated that different amount of DMS groups 
were successfully incorporated into the co-conden-
sation modified samples, and the functional DMS 
groups were placed selectively on the pore open-
ings and external pore surfaces in the post-grafting 
modified samples. The drug adsorption experiments 
showed that the adsorption capacities were mainly 
depended on the content of silanol group (CSG) in 
the carriers. The in-vitro tests exhibited that the in-
corporation of DMS groups greatly retarded the ibu-
profen release rate.

Comparative investigation between rhodamine 
and ibuprofen is shown by Wang et al.[61]. MCM-
41 nanoparticles were prepare and functionalized by 
post-grafting method. Samples were modified with 
mercatopropyl, vinyl, primary and secondary amine 
groups. While mesoporous samples functionalized 
with mercaptopropyl and vinyl groups showed im- 
proved loading for rhodamine 6G, samples function-
alized with primary and secondary amine groups that 
were synthesized by grafting and co-condensation 
methods exhibited less adsorption capacity for rho-
damine 6G. On the other hand, the trend in the de-
gree of adsorption of ibuprofen was found to be the 
reverse of the results obtained for rhodamine 6G. The 
samples containing mercaptopropyl and vinyl groups 
showed less adsorption capacity for ibuprofen than 
the samples functionalized with primary and second-
ary amine groups. The release of the adsorbed mol-
ecules was also found to be dependent on the type 

defined site was reported by Chen et al. [56] The control was achieved by a partial cleavage 
of P123 surfactant in the mesopores of SBA-15, leaving the micropores unextracted. 
Subsequent functionalization with trimethylchlorosilane and further template removal allowed 
the deposition of metals selectively in the micropore volume of SBA-15. A selective 
functionalization of the outer surface was achieved by the addition of (3-
mercaptopropyl)trimethoxysilane to radially growing mesoporous silica microspheres. The 
obtained material showed a hydrophilic/hydrophobic core/shell structure, characterized by the 
reductive deposition of aqueous platinum precursors to the inner core of the silica sphere. By 
adding only a fractional amount of grafting agent compared to the present silanols, a 
preferential functionalization on the outer surface takes place. 
Other research groups showed an outer surface functionalization by leaving the template 
unextracted during functionalizations steps, thus hindering the access to the interior pore 
surface. However, the results from different groups have shown that chloro- and 
trialkoxysilanes can efficiently replace surfactant molecules and can even produce completely 
extracted materials. Kecht et al. [57] present site-selective functionalization of mesoporous 
nanoparticles achieved with a sequential cocondensation approach. Using this strategy, 
functional groups were completely dispersed inside the channels, concentrated in parts of the 
mesopores, or exclusively placed on the external surface of colloidal mesoporous silica 
nanoparticles depending on the time of addition of the desired functionality. This method 
overcomes some of the disadvantages of selective functionalization by grafting approaches, 
that is, partial diffusion of reactant species inside the channels and the lack of control over the 
amount of incorporated organic moieties. 

Mesoporous silica systems for sustained release of various drugs
The main aim of controllable drug-delivery systems is to provide appropriate duration of the 
drug effect, do deliver the drug at desired site and to avoid the side effects and toxicity [58].

MCM-41 based mesoporous materials
The first investigation using MCM-41 for drug delivery system was reported by Vallet-Regi 
and her colleagues [2]. In the preliminary work, two kinds of MCM-41 with different pore 
sizes were tested. The anti-inflammatory drug ibuprofen was used as model drug molecule.
The drug release profiles showed a different behaviour depending on the method for charging 
the drug in the material. Manzano et al. [59] showed another ibuprofen loaded MCM-41 drug 
delivery system. Mesoporous silica particles were functionalized by 3-
aminopropyltriethoxysilane. In order to test the effect of carrier morphology on drug delivery 
rate, MCM-41 was prepared in the form of powder consisting of irregularly shaped (and 
sized) particles and monodispersed spheres (490 to 770 nm in diameter). Amine-
functionalized MCM-41 microspheres showed a significantly slower drug release rate than 
irregularly shaped powders, which should facilitate drug delivery control over a longer time 
period. Szegedi et al. [60] also reported MCM-41 system loaded with ibuprofen. MCM-41 
were synthesized and modified by post-synthesis method with different amounts of                        
3-aminopropyltriethoxysilane (APTES). Amino modification resulted in high degree of
ibuprofen loading and slow release rate in comparison to the parent non- modified MCM-41.
Tang et al. [55] reported dimethyl silyl (DMS) modified mesoporous silicas successfully
prepared via co-condensation and post-grafting modification methods. The post-grafting
modification was carried out by the reaction of the as-synthesized MCM-41 material with
diethoxy dimethylsinale. The study demonstrated that different amount of DMS groups were
successfully incorporated into the co-condensation modified samples, and the functional DMS

Fig. 3. Site-selective functionalization of 
mesoporous silica

Fig. 4. Site-selective functionalization of 
mesoporous silica
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of functional groups in the materials. Cavallaro et al. 
[1] investigated mesoporous systems loaded with an-
ti-inflammatory agents such as diflunisal, naproxen 
and ibuprofen. Drug release studies were performed 
at pH 1.1 and 6.8 mimicking gastrointestinal fluids. 
Release data suggested that the matrix impregnated 
with diflunisal offers good potential as a system for 
the modified drug release.

MCM-41 was used for acetylsalicylic acid deliv-
ery system by Gao et al.[62] In this study MCM-41 
nanoparticles were functionalizied by post-treatment 
method. Release profiles showed sustained release of 
acetylsalicylic acid from MCM-41 drug delivery sys-
tem (70% released drug after 12 hours).

Captopril delivery system, based on MCM-41 
and SBA-15 was presented by Qu et al.[17]. Cap-
topril was loaded by incubation of the drug in dis-
persion of MCM-41 (SBA-15) for 2 hours, separa-
tion by vacuum filtration and drying at room tem-
perature. Captopril loading on MCM-41 was much 
higher than that of acetylsalicylic. In addition, the 
loading was dependent on the type of the carriers, 
higher loading on MCM-41 (34%) compared to 
SBA-15 (23%.) Release profiles showed faster cap-
topril release from SBA-15 (almost all of the drug 
for 2 hours), whereas about 75% was released for 12 
hours from MCM-41 system. 

Arean et al. [63] investigated effect of amine 
and carboxyl functionalization of sub-micrometric 
MCM-41 spheres on controlled release of cisplatin. 
Their investigations showed that both functional-
ized MCM-41 samples had a much greater uptake 
of the drug than pure MCM-41. This fact was ex-
plained in terms of substitution of amino or carbox-
ylate groups of the functionalized samples for the 
labile chloride ligands of cisplatin. Carboxy-func-
tionalized MCM-41 sample showed a superior per-
formance as a carrier for controlled delivery of cis-
platin on account of the higher percentage of drug 
delivered and a much more favorable kinetics of the 
in vitro delivery process. 

Lay et al presented novel drug-delivery system 
based on MCM-41 type mesoporous silica nano-
spheres [64]. The controlled-release delivery system 
has been synthesized and characterized using sur-
face-derivatized cadmium sulfide (CdS) nanocrystals 
as chemically removable caps to encapsulate several 
pharmaceutical drug molecules and neurotransmit-
ters. Stimuli-responsive release profiles of vanco-
mycin and adenosine triphosphate (ATP) were stud-
ied. The biocompatibility and delivery efficiency of 
the MSN system with neuroglial cells (astrocytes)  

in vitro were demonstrated. In contrast to many cur-
rent delivery systems, the molecules of interest were 
encapsulated inside the porous framework of the 
MSN and the release occurred by opening of the 
mesoporous channels capped with CdS. 

[1] investigated mesoporous systems loaded with 
anti-inflammatory agents such as diflunisal, naproxen 
and ibuprofen. Drug release studies were performed 
at pH 1.1 and 6.8 mimicking gastrointestinal fluids. 
Release data suggested that the matrix impregnated 
with diflunisal offers good potential as a system for 
the modified drug release.

MCM-41 was used for acetylsalicylic acid deliv-
ery system by Gao et al.[62] In this study MCM-41 
nanoparticles were functionalizied by post-treatment 
method. Release profiles showed sustained release of 
acetylsalicylic acid from MCM-41 drug delivery sys-
tem (70% released drug after 12 hours).

Captopril delivery system, based on MCM-41 
and SBA-15 was presented by Qu et al.[17]. Cap-
topril was loaded by incubation of the drug in dis-
persion of MCM-41 (SBA-15) for 2 hours, separa-
tion by vacuum filtration and drying at room tem-
perature. Captopril loading on MCM-41 was much 
higher than that of acetylsalicylic. In addition, the 
loading was dependent on the type of the carriers, 
higher loading on MCM-41 (34%) compared to 
SBA-15 (23%.) Release profiles showed faster cap-
topril release from SBA-15 (almost all of the drug 
for 2 hours), whereas about 75% was released for 12 
hours from MCM-41 system. 

Arean et al. [63] investigated effect of amine 
and carboxyl functionalization of sub-micrometric 
MCM-41 spheres on controlled release of cisplatin. 
Their investigations showed that both functionalized 
MCM-41 samples had a much greater uptake of the 
drug than pure MCM-41. This fact was explained in 
terms of substitution of amino or carboxylate groups 
of the functionalized samples for the labile chlo-
ride ligands of cisplatin. Carboxy-functionalized 
MCM-41 sample showed a superior performance 
as a carrier for controlled delivery of cisplatin on 
account of the higher percentage of drug delivered 
and a much more favorable kinetics of the in vitro  
delivery process. 

Lay et al presented novel drug-delivery system 
based on MCM-41 type mesoporous silica nano-
spheres [64]. The controlled-release delivery system 
has been synthesized and characterized using sur-
face-derivatized cadmium sulfide (CdS) nanocrystals 
as chemically removable caps to encapsulate several 
pharmaceutical drug molecules and neurotransmit-
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ters. Stimuli-responsive release profiles of vancomy-
cin and adenosine triphosphate (ATP) were studied. 
The biocompatibility and delivery efficiency of the 
MSN system with neuroglial cells (astrocytes) in vit-
ro were demonstrated. In contrast to many current de-
livery systems, the molecules of interest were encap-
sulated inside the porous framework of the MSN and 
the release occurred by opening of the mesoporous 
channels capped with CdS. 

Al-Kady et al reported the synthesis of three types 
of mesoporous systems using pure mesoporous sili-
ca (MCM-41), nanocomposite of mesoporous silica 
with hydroxyapatite (MCM-41-HA) and mesoporous 
silica/gold nanorods nanocomposite (MCM-41-GN-
Rs) [65]. The samples were loaded with coumarin 
thiourea derivatives and the in vitro release assays 
were performed. The release of coumarin derivatives 
loaded on MCM-41, MCM-41-HA and MCM- 41-
GNRs occurred over remarkably long time of the or-
der of about 260 h with faster release rates in loaded 
MCM-41 and MCM-41-GNRs samples compared 
with MCM-41-HA ones. 

Bernardos et al. [66] obtained controlled release 
of vitamin B2 from mesoporous silica-based materi-
als containing a pH- and anion-controlled nano-su-
pramolecular gate-like ensembles built up by anchor-
ing suitable polyamines on the external surface. In 
this system, vitamin was incorporated into the pores, 
whereas the amine-based gate-like ensemble was 
anchored on the pore outlets. At pH 2 all the anions 
studied (sulfate, phosphate, GMP and ATP) strongly 
hindered vitamin release. The release at pH 7 was ob-
served in the presence of sulfate and GMP, whereas 
the gate remained closed in the presence of ATP and 
phosphate. Selective delivery at neutral pH and no-
liberation in acidic conditions can also be controlled 
with ATP and GMP using a suitable concentration of 
anion. The remarkable anion-controllable response 
of the gate-like ensemble at a certain pH can be ex-
plained in terms of anion complex formation with the 
tethered polyamines. This system might be a suitable 
to protect the cargo from the acidic conditions of the 
stomach (acid pH, gate closed) but will release the 
load at the intestine (basic pH, gate open).

Ambrogi et al. [67] reported novel furosemide-
loaded DDS for oral administration based on MCM-
41. Furosemide is characterized by both low solubil-
ity and permeability and its absorption window is the 
stomach and the proximal small intestine. The aim 
of the work was the development of an immediate 
formulation that could improve the drug release in 
its preferential absorptive regions. The results dem-

onstrated dissolution enhancement of furosemide and 
complete release within 90 min.

Yoncheva et al. developed mesoporous MCM-41 
nanoparticles coated with carbopol intended for bude-
sonide delivery into intestinal region of gastrointesti-
nal tract [68]. In this study, the amino-functionaliza-
tion of nanoparticles enabled the surface coating be-
cause of the interaction between amino groups of the 
carrier and carboxyl groups of carbopol. Moreover, 
the carbopol-coated nanoparticles provided sustained 
release of budesonide during 24h and cytoprotective 
effect on damaged model of intestinal mucosa.

sBA-based mesoporous materials
SBA-15 is another important mesoporous mate-

rial with larger particle and pore size and highly or-
dered hexagonal topology . The pore size of SBA-15 
is usually 6 nm in diameter, larger than the pore size 
of MCM-41. Therefore, SBA-15 is expected to have 
less restriction for the delivery of bulky molecules. 

Doadrio et al. investigated the mesoporous silica 
SBA-15 for application as gentamicin drug delivery 
system. Two procedures were used to evaluate the 
delivery: calcined powder and disk conformed. No 
significant difference between the powder and disk 
was observed in the tests. The release profiles exhib-
ited a pronounced initial burst release effect of 60%, 
followed by a very slow release pattern. Vallet-Regi 
et al. [9] tested the antibiotic amoxicillin with a cal-
cined SBA-15 material. It has been found that the 
amount of drug incorporated into the porous matrix is 
strongly dependent upon the solvent, pH, and amoxi-
cillin concentration, reaching a value of 24 wt% un-
der optimum conditions. The amoxicillin is released 
into the solution at a rate which is dependent upon 
physical state of the material, either powder or disk. 
Release from powder is faster than that from disk.

In general, for pure SBA-15 only silanol groups 
exist on the channel walls, and these silanol groups 
simply form weak intermolecular hydrogen bonds 
with drugs. Thus, they are not strong enough to hold 
drugs and allow them to be released in a sustained 
manner. Therefore, introduction of functional groups 
on the surface of SBA-15 to have specific host–guest 
interactions with drugs will also be important and 
good for controlled drug delivery. 

Popova et al. performed study that compared the 
loading efficiency and release properties of MCM-
41 and SBA-15 nanoparticles (72). In the cited study, 
the parent and the carboxylic-modified MCM-41 and 
SBA-15 materials showed high adsorption capacity 
for sulfadiazine due to interactions between its ami-
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no-groups and functional carboxyl groups of the car-
riers. In vitro release studies showed slower release 
rate of sulfadiazine from carboxylic modified MCM-
41 and SBA-15 mesoporous particles compared to 
the non modified ones.

HMs-based mesoporous materials
Hollow mesoporous spheres (HMS) are another 

group of important mesostructured materials, which 
exhibit more advantages in mass diffusion and trans-
portation compared with conventional hollow spheres 
of solid shells and can serve as extremely small con-
tainer for applications in drug delivery and catalysis. 
Zhu et al. reported a facile route for preparation of 
HMS and employed for drug storage and delivery us-
ing ibuprofen. The authors reported higher loading ca-
pacity for HMS than MCM-41. Further investigations 
with acetylsalicylic acid and gentamicin also showed 
higher loading in HMS compared to conventional 
MCM-48 and MCM-41. The higher loading capac-
ity was due to its higher surface area and pore volume 
associated with hollow core structure. The release of 
acetylsalicylic acid from HMS, MCM-48 and MCM-
41 was based on Fickian diffusion mechanism.

The same group developed functionalised hol-
low mesoporous silica spheres using 3-aminopro-
pyltriethoxysilane (N-TES), 3-(2-aminoethylamino)
propyltrimethoxysilane (NN-TES) and (3-trimeth-
oxysilylpropyl)diethylenetriamine (NNN-TES). The 
results showed that the highest loading of 969 mg/g 
was obtained by using hexane as solvent. The ob-
tained ibuprofen loaded systems were characterized 
with a sustained release pattern. With the increase of 
the amount of functional groups introduced, the drug 
storage capacity decreases and meanwhile the release 
rate become lower. At the same amount of functional 
groups, the release rate from NNN-HMSC–ibupro-
fen system was the lowest.

stimuli-responsive control release system
Stimuli-responsive controlled-release system can 

achieve a site-selective, controlled-release pattern, 
which can improve the therapeutic efficacy. For tra-
ditional responsive polymer/drug systems, degra-
dable polymers are frequently used. The polymers 
could be responsive toward several types of stimuls, 
such as temperature, pH [69] and magnetic/electric 
field. Upon stimulation, the degradation of the pol-
ymer matrix is accelerated, and the release of drug 
molecules is thereby enhanced. The main approach 
providing such responsive properties of mesoporous 
systems is their surface modification with polymers.

Zhao et al. [70] reported novel glucose-responsive 
mesoporous silica nanoparticles for dual controlled 
release of insulin and cAMP. In this system, glu-
conic acid-modified insulin (G-Ins)8 proteins are im-
mobilized on the exterior surface of MSN and also 
serve as caps to encapsulate cAMP (cyclic adenosine 
monophosphate) inside the mesopores of MSN. The 
release of both G-Ins and cAMP from MSN can be 
triggered by the presence of saccharides, such as glu-
cose. Thus, the sequential delivery of cyclic adeno-
sine monophosphate could activate pancreas beta 
cells and further to stimulate insulin secretion.

Zhu et al. [71] presented novel pH-controlled 
delivery system based on hollow mesoporous silica 
(HMS) spheres using pH-sensitive polyelectrolyte 
multilayer coated on the spheres. The polyelectro-
lyte layers with an average thickness of 12 nm were 
coated on hollow mesoporous silica spheres through 
a layer-by-layer technique. Gentamicin molecules 
were successfully stored in these spheres by means of 
adjusting the gentamicin solution from pH 2 to pH 8. 
The study showed that the modification of the surface 
could influence gentamicin release. 

Chen et al. [72] presented novel pH-sensitive drug 
delivery system based on mesoporous silica coated 
with chitosan. The nanosystem showed release of 
about 65% and 35% of model drug in media with pH 
6.8 and 7.4 after 24 h, respectively. 

He et al. [73] proposed pH-responsive nano mul-
ti-drug delivery systems (nano-MDDSs) prepared in 
situ via co-self-assembly method. Model drug for 
this DDS is water insoluble anti-cancer drug doxo-
rubicin (DOX).The nano-DDS had a highly precise 
pH-responsive drug release behavior both in vitro 
and in vivo, and exhibited high drug efficiencies 
against drug-resistant MCF-7/ADR cells. 

Wan et al. [74] presented fabrication of pH-
disintegrable polyelectrolyte multilayer-coated 
mesoporous silica nanoparticles capable of triggered 
co-release of cisplatin and model drug molecules. 
The outer polyelectrolyte multilayer was assembled 
from permanently cationic polyelectrolyte, poly(allyl 
amine hydrochloride) (PAH), and negatively charged 
polyelectrolyte, P(DMA-co-TPAMA), consisting of 
N,N-dimethylacrylamide (DMA) and 3,4,5,6-tet-
rahydrophthalic anhydridefunctionalized N-(3-ami-
nopropyl)methacrylamide (TPAMA) monomer units, 
which exhibits pH-induced charge conversion char-
acteristics. For this system, the change of pH from 
7.4 to 5–6 can lead to the disintegration of outer poly-
electrolyte multilayers, accompanied with the co-re-
lease of cisplatin and RhB. 
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